Phosphorus (P)/sulfur (S) co-doped porous carbon derived from resorcinol and furaldehyde are synthesized through one-step sol-gel processing with the addition of phosphorus pentasulfide as P and S source followed with freeze-drying and pyrolysis in nitrogen. The P/S co-doping strategy facilitates the pore size widening both in micropore and mesopore regions, together with the positive effect on the degree of graphitization of porous carbon through elimination of amorphous carbon through the formation and evaporation of carbon disulfide. As an electrode for supercapacitor application, P/S co-doped porous carbon demonstrates 43.5% improvement on specific capacitance of the single electrode compared to pristine porous carbon in organic electrolyte at a current of 0.5 mA due to the P-induced pseudocapacitive reactions. As for electrocatalytic use, promoted electrocatalytic activity and high resistance to crossover effects of oxygen reduction reaction (ORR) in alkaline media are observed after the introduction of P and S into porous carbon. After air activation, the specific capacitance of the single electrode of sample PS-pC reaches up to 103.5 F g À1 and an improved oxygen reduction current density.
Introduction
The development of alternative and green energy sources has become an attractive research topic due to ever increasing global energy depletion and the environmental impact of traditional energy resources [1, 2] . In electrochemical energy devices, such as fuel cells and capacitors, the designs of new materials at a low cost and keeping performance at a high level are key factors for commercialization. Heteroatom-doped (B, N, S, P et al.) porous carbon materials attracted significant attention because of their extensive application as a catalyst for the oxygen reduction reaction (ORR) in fuel cells [3e6] and in supercapacitors [7e9] .
Doped porous carbons have great potential for use in supercapacitors due to their large gravimetric capacitance and electrical conductivity [10, 11] . Numerous efforts have been devoted to Sdoped carbon, a universal heterogeneous carbon-based electrode material. Usually, sulfur doping is preferential in polarizing electron pairs and improving degree of graphitization of carbon as well as introduction of redox reactions, due to its large size and high chemical activity [12e15] . The additional introduction of other heteroatom, such as N, further alters the physical or chemical properties of carbon material and enhances its energy storage capability. Latest studies focused on binary-doped (SeN co-doping) carbon materials which performed better than single S-doped material. Zhang [16] synthesized S, N co-doped ordered mesoporous carbon (SNOMC) via a nanocasting strategy using oligomer of pyrrole as the precursor and sulfuric acid as the catalyst and sulfur source. The enhanced supercapacitive performance of NSOMC materials is mainly due to the improved surface activity and conductivity by incorporating nitrogen and sulfur into the carbon framework. Wang [17] adopted one-pot hydrothermal route using L-cysteine, an amino acid containing both N and S, as the doping agent to successfully synthesize the S, N co-doped graphene. The specific capacitance of co-doped sample showed a higher value than single-element doped sample. The coordinated effect of S and N was observed, which uplift the doping level of both elements, leading to increased capacitance and improved electrical conductivity.
As for ORR, S-doped porous carbons are also believed to be a promising metal-free electrocatalyst with high catalytic activity [18e20] . It is reported that sulfur-doping facilitates the enhanced spin or charge density in modified carbon p-system [21] . Compared to single S-doping, multiple-doping for ORR exhibits a superior catalytic performance. Qiao and co-workers [22] reported S and N dual-doped mesoporous graphene prepared by annealing graphene oxide with S-and N-containing precursors; this showed excellent ORR performance comparable to that of commercial Pt/C catalysts. Xu [23] synthesized S, N dual-doping graphene oxide via chemical vapor deposition (CVD) method using pyrimidine and thiophene as precursors. The as-prepared dual-doped graphene oxide exhibited better catalytic activity than that of mono-doped carbon nanomaterials due to a synergetic effect of N and S co-doping. The controlling content and ratio of S and N also can be achieved by selecting pyrolysis temperature using a sole precursor (1-allyl-2-thiourea) [24] . The different concentration and ratio of incorporated S and N heavily affects the spin density, causing the variation of catalytic activity.
Although co-doped (including sulfur) carbon materials potentially possess excellent properties for both supercapacitor and ORR, there are only a few reports about porous carbon that are simultaneously doped with sulfur and nitrogen [25] . Besides nitrogen, other substitutional heteroatom, such as P, B, O, have also demonstrated to play a crucial role in modifying the electrical conductivity, surface activity and chemical reactivity, which are essential for supercapacitor and catalytic activity [26e28]. However, to our knowledge, besides S and N co-doped, other S, M (M]P, B etc.) co-doped porous carbon for these two applications are not reported.
Phosphorus, one of the N-group elements, shows similar chemical properties to N. It has been reported that P with larger atomic radius and higher electron-donating ability tends to induce more active sites for ORR and to improve electrocatalytic activity [29e31]. Additionally, P with lone pair of electrons can induce Faradaic reactions in addition to EDLC, indicating an increase in specific capacitance [32] . As a result, the co-doping of P and S to porous carbon may further explore the synergetic merits of P and S, leading to enhanced electrocatalytic and pseudocapacitive properties. The study of S, P co-doping may bring a new insight and improvement on supercapacitor and catalytic performance for ORR.
The research performed here includes the synthesis of porous carbon by sol-gel processing with resorcinol and furaldehyde as precursors followed with controlled freeze drying and pyrolysis in nitrogen. Phosphorus pentasulfide (P 2 S 5 ) acted as P and S source to one-step introduce P and S. Air activated P/S co-doped carbon was also synthesized to further increase the supercapacitive and catalytical properties. The non activated (PS-pC) and air activated (APSpC) P/S co-doped porous carbon were used as electrodes for supercapacitors with an organic electrolyte consisting of 1 M tetraethylammonium tetrafluoroborate (TEATFB) in 50-50 propylene carbonate-dmethylcarbonate (PC-DMC). In addition, the P/S codoped porous carbon was utilized as the electrocatalysts for ORR in 0.1 M KOH. The P/S co-doped carbon, as supercapacitive electrode material and metal-free catalysts, exhibited improved specific capacitance of the single electrode and favorable activity for ORR compared with pristine carbon. With air activation, sample APS-pC performed the excellent electrocatalytic activities for ORR and showed a value of single electrode specific capacitance of 103.5 F g À1 .
Experimental

Synthesis of P/S co-doped porous carbon (PS-pC and APS-pC) and pure porous carbon (pC)
To prepare porous carbon, 1.26 g (0.01 mol) resorcinol was dissolved in a solution containing 7.0 g of DI water, 7.0 g of ethanol under magnetic stirring until the solution turned transparent. Next, 0.06 g of hexamine was added as the catalyst and the solution was kept stirring for an additional 1 h. Then, furaldehyde (0.01 mol) was added with another 1 h stirring. The mixture was sealed and cured in oven at 80 C for 7 days to allow for gelation and aging to strengthen the newly formed three-dimensional gel network.
The resultant gel (RG) went through two different processes: for pure porous carbon, the gels were frozen and dried under vacuum at À50 C in a Labconco Free Zone 1 L freeze dryer for three days; for P/S co-doped porous carbon, the gels were mixed with 0.01 g phosphorus pentasulfide (P 2 S 5 ) in glove box filled with argon and then, transferred to the freeze dryer with the same drying parameters as synthesizing pure porous carbon. The dried samples were heated in N 2 atmosphere at 1000 C for 3 h. The obtained P/S codoped porous carbon was denoted as PS-pC, while pure porous carbon was named as pC.
To further uplift the performance, the as-prepared sample PS-pC was underwent post heat-treatment at 350 C for 0.5 h in air for activation. The activated samples were denoted as APS-pC.
Synthesis of P-doped porous carbon
In order to obtain P-doped porous carbon for comparison, the as-prepared pure porous carbon (pC) followed the same procedures described in Section 2.1 was further undergone the treatment of phosphoric acid as described by Wu [33] . Typically, phosphoric acid was added to pC sample with a weight ratio of phosphoric acid: pC ¼ 4:1. The mixture was kept at 85 C for 3 h. The solvent in the mixture was removed in an evaporator operated at 85 C and 300 mbar. Then, the as-prepared paste mixture was dried overnight in an oven at 85 C. The resultant powder was heat-treated under N 2 atmosphere and kept at 500 C for 1 h. The prepared P-doped porous carbon was named as PpC.
Synthesis of S-doped porous carbon
The as-prepared pC sample mixed with sulfur flakes (pC wt%: sulfur wt% ¼ 10:1) and then the mixture was underwent the heattreatment at 400 C for 2 h in N 2 atmosphere. The obtained sample was denoted as SpC.
Synthesis of N/P/S porous carbon
To further modified with nitrogen, the as-prepared PS-pC sample were further nitridation in NH 3 atmosphere at 500 C for 1 h. The resultant porous carbon was denoted as NPS-pC.
Characterization
The atomic composition and surface functional groups of samples were determined by X-ray photoelectron spectroscopy (XPS). Spectra were taken on a Surface Science Instruments S-probe spectrometer. The X-ray spot size is 800 Â 800 mm and the take-off angle is 55 , corresponding to a sampling depth of approximately 50e70 Å. Data analyses was carried out using the Service Physics ESCA Hawk 7 Data Analysis Software (Service Physics, Bend, OR). The binding energy scales were calibrated assigning the lowest binding energy C1s peak a binding energy of 285.0 eV. Three spots were measured on each sample to make final results credible.
Pore parameters were obtained by analysis of nitrogen adsorption-desorption isotherms recorded on a Qutantachrome NOVA 4200e system. Samples were degassed at 100 C under vacuum for at least 6 h prior to measurement. The total surface area was determined using the multipoint Brunauer-Emmett-Teller (BET) method. For the mesopore surface area, pore volume, and pore diameter, the Barrett-Joyner-Halenda (BJH) method was used. Micropore surface area and pore volume were determined using the t-method. Each sample was measured three times.
Surface morphologies of pores were observed by field emission scanning electron microscopy (FESEM, FEI Magellan 400, 5 kV). Raman spectra were taken with an excitation wavelength of 532 nm. Typically three spectra were taken for each sample to ensure uniformity. Thermal gravimetryemass spectrometry (TG-MS) was applied to monitor the gas releasing during the pyrolysis.
Electrochemical analyses
Supercapacitive properties
Electrodes were prepared by grinding the samples into a fine powder followed by mixing with 3.0 wt% PTFE as the binder. The resulting mixture was rolled into sheet with 60 um in the thickness. In order to make homogeneous thickness, the sheet during rolling was measured by the vernier caliper in different five areas several times until the whole sheet reached homogeneous thickness with 60 um. Then, the sheet was punched with a diameter of 10 mm. A Celgard ® porous film separates the electrodes and special carbon coated aluminum contacts were used to increase collector's conductivity and to prevent the aluminum from forming an oxide layer. The electrolyte used is 1 M TEATFB in 50-50 PC-DMC. To test the electrodes, symmetrical two-electrode coin cells were assembled under an argon environment. Cyclic voltammograms (CV) and galvanic cycle (GC) curves were measured by means of a Solartron 1287 A with a voltage ranging between 0 and 2 V. The CVs were measured at a scan rate of 10 mV s
À1
. Currents of 0.5 mA were applied in GC measurements. Electrochemical impedance analyses were carried out using the Solartron 1287 A in conjunction with a Solartron 1260FRA/ impedance analyzer. A frequency range between 0.1 MHz and 1 MHz and a 10 mV AC voltage were used for this scan. The specific capacitance of the single electrode in Farad per gram (F g À1 ) was
calculated from the discharge slope during galvanic cycles according to the following equation:
Where I is the discharge current in amps, Dt is the discharge time in seconds, DV is the discharge voltage in volts, and m is the mass of the active materials given in grams.
Electrocatalytic activity for ORR
The electrocatalytic experiment was performed in a standard three-electrode electrochemical cell, which was connected to an electrochemical workstation (WaveDriver20 Bipotentionstat/Galvanostat, Pine Research Instrumentation, USA) coupled with a rotating disk electrode (RDE) system (AFMSRCE3529, Pine Research Instrumentation, USA). A platinum sheet and a saturated calomel electrode (SCE) were used as the counter electrode and the reference electrode, respectively. To prepare the working electrode, 20 mL of catalyst solution (0.5 mg mL À1 ) with 20 mL Nafion was dropped onto the glassy carbon electrode (GCE, 0.19625 cm 2 ) and dried at 50 C. The CV measurements were performed in O 2 -saturated 0.1 M KOH solutions with a scan rate of 50 mV s
À1
. The RDE measurements were conducted in O 2 -saturated 0.1 M KOH solution at rotation speeds ranging from 400 to 2025 rpm and with the scan rate of 10 mV s
. The electron transfer numbers can be calculated from the slope and intercept of the Koutecky-Levich plots as follows:
Where J is the measured current density, J k is the kinetic current density, and u is the revolution per minute of the disk. The constant 0.62 is adopted when the rotation speed is expressed in terms of rad; n is the overall number of electrons transferred in oxygen reduction; F is the Faraday constant (
).
Results and discussion
Composition and pore structure
The high-resolution XPS spectra of C1s, P2p and S2p for sample PS-pC were measured to analyze the chemical environment of the S-, P-doped carbon structures (Fig. 1) . The compositional data from XPS is presented in Table 1 . For C 1s, the sample was deconvoluted into six bands: a main peak at 284.6 eV assigned to the graphitic structure CeC sp 2 [34] ; a peak at 285.4 eV attributed to carboncarbon single bonds of defects (CeC sp 3 ) or carbon-phosphorus single bond (CeP) on the carbon matrix [35] ; a peak at 286.5 eV related to carbon-oxygen-phosphorus single bonds (CeOeP) [35] ; a peak at 287.1 eV due to carbon-oxygen double bonds (C]O) [34] ; a peak at 288.4 eV assigned to carbon-oxygen double bonds (OeC] O) [34] ; and a peak at 291.4 eV attributed to the p-p* shake-up satellite peak from the sp 2 -hybridized carbon atoms [34] . The specific carbon-sulfur bonding information in C 1s spectra could not be discriminated due to the contribution of CeC bonds overwhelming the bonding information between carbon and sulfur. The XPS spectra for P2p in the sample PS-C exhibited two featured peaks at 132.8 eV and 133.9 eV which are attributed to PeC and PeO bonding, respectively [35] . The presence of PeC bonds confirms that P was successfully doped in sample PS-pC. Additionally, the high resolution spectrum for S2p was fitted to three bands. Two peaks at 164.2 eV (S 2p 3/2 ) and 165.4 eV (S 2p 1/2 ) were constrained by a 2:1 concentration ratio and 1.2 eV binding energy separation, corresponding to spin-orbital splitting of thiophene-like S incorporated into the graphite structure; another peak at 168.6 eV was ascribed to the existence of sulfone bonds [36] . It should be noted that the content of P (1.3 at%) in the carbon matrix are over two times than that of S (0.4 at%) in the sample. According to stoichiometric proportion of P 2 S 5 , more S should embed in the carbon matrix instead of P. It is supposed that when P 2 S 5 reacts with carbon in inert atmosphere, S tends to be more readily eliminated as gaseous (CS 2 , H 2 S et al.), while P is stable in carbon matrix. In order to verify this assumption, the carbon gel mixed with P 2 S 5 before pyrolysis underwent heat treatment up to 1000 C to get the mass spectrum for released gases under nitrogen in Fig. 2 . S-containing gas (CS 2 ) was released while only trace amount of P 4 gas (only a broad peak) was detected. Compared to the release amount of CS 2 , the loss of P 4 can be ignored. This result supports the assumption above that S is more readily removed from carbon matrix with heat-treatment than P. The SEM images (Fig. S1 ) suggests that samples PS-pC and pC are porous with piling up pores and irregular morphology. To further demonstrate their porous structures, nitrogen sorption was used to determine the surface area, pore volume, and pore size distribution. Nitrogen sorption isotherms, mesopore size distributions and micropore size distributions are shown in Fig. 3 a, b and c. The corresponding data from nitrogen sorption measurements are presented in Table 2 . Samples exhibited type IV isotherms with a nearly H4 type hysteresis loop [37] . It is believed that the H4 is associated with the existence of narrow silt-like pores, caused by the particle piling up. The results of nitrogen sorption are well consistent with the observation from SEM images. Notably, the pristine porous carbon contains a considerable amount of micropores, leading to diverged hysteresis at low relative pressure [38] . In contrast, the sample PS-pC shows a well closed loop, indicating co-doping decreased amount of micropores in carbon matrix. Fig. 3b and c shows the pore size distribution curves of the sample PS-pC and pC calculated by using the BJH model and DA method, respectively. A distribution peak at 5.0 nm in PS-pC which was not in pC, presents the trend of pore widening effect of codoping. The manifested peak at 8.2 nm in sample pC disappeared and emerged to a larger pore size in sample PS-pC, further supporting the pore size widening. In addition, the maximum distribution of micropores was changed from 1.5 nm to 1.8 nm, which also confirms that the introduction of P-and S-heteroatoms is ramping rate from room temperature to 1000 C. The pC/P 2 S 5 mixture after this heat-treatment represents the sample PS-pC.
benevolent to enlarge pore size (Fig. 3c) . Furthermore, the P, S codoping into carbon matrix resulted in an increase in the mesopore volume ( Table 2 ). The BET specific surface area for porous carbon decreased from 313.7 to 268 m 2 g À1 after P, S co-doping, which demonstrates the different trend in the region of mesopore and micropore. After co-doping of P and S, the mesopore surface increased from 117.9 to 143.7 m 2 g
À1
, while the micropore surface decreased from 201.3 to 145.8 m 2 g
, possibly resulting from pore widening.
Degree of graphitization
It has been reported that S-doped carbon has an improved degree of graphitization due to the imperfect carbon atoms in carbon matrix can be efficiently removed by the S-containing gases [15] . To investigate the effect of P/S co-doping on the degree of graphitization for carbon, Raman spectroscopy was adopted. To determine the degree of graphitization, the peak intensity ratios of the D and G bands, denoted as I(D)/I(G), were compared between sample PS-pC and pC (Fig. 4) . A higher value of I(D)/I(G) indicates a lower degree of graphitization. Due to the overlap of the D and G bands, peak fitting was performed following the procedure outlined by Vallerot [39] . All samples exhibit the characteristic features of graphitic materials, with D and G bands at~1339 cm À1 and~1589 cm presence of polyenes and is seen at~1180e1290 cm À1 [40, 41] . The D 00 band (~1500 cm À1 ) is known to occur in the presence of amorphous carbon [42] . The spectra shows that the value of I(D)/ I(G) decreases from 0.99 to 0.80 after P-and S-doping, indicating the enhanced degree of graphitization. The high degree of graphitization demonstrates the improved integrity of carbon with few defects. In the previous work, S has proven to react with imperfect carbon in carbon matrix to form CS 2 gas [14] . The elimination of CS 2 gas facilitates the removal of imperfect carbon, and then leads to higher degree of graphitization [14] . Unlike S doping, P incorporated in carbon hardly reacts with imperfect carbon to form Pcarbon containing gases (Fig. 2) , suggesting no supplementary effect of P on the degree of graphitization. As a result, the increased degree of graphitization of sample PS-pC should be ascribed to the S-induced graphitization process. The improved degree of graphitization may result in the drop of resistance and increase in conductivity, followed by the improvement of supercapacitive and catalytic performances.
Supercapacitive performance
CV measurements with a scan rate of 10 mV s À1 are shown in Fig. 5a . The nearly rectangular shape of CV curves of samples PS-pC and pC indicates capacitive behavior from the formation of electric double layers. Sample PS-pC exhibited redox reaction peaks in the potential range from 0.8 to 1.5 V in addition to the rectangular shape, which suggests the existence of pseudocapacitive reactions. However, the redox peaks were difficult to discern in the sample pC, implying no detectable pseudocapacitance existed in this sample. The oxygen content of sample pC was 8.7 at%, which was only 0.2 at% higher than that of sample PS-pC. The 0.2 at% in difference can be ascribed to the issue of XPS ipment accuracy. In addition, if redox reactions introduced by oxygen, sample pC with higher oxygen content of 8.7 at% should exhibit the redox peaks instead of sample PS-pC. However, no broad peak was found in sample pC, indicating oxygen did not induce pueudocapacitance. It also should be noted that S content in sample PS-pC is 0.4 at%. In the former study, redox peaks can be found in CV curves when sulfur content is equal or greater than 1.4 at% (Table S1 ). Below this value of content, the redox reactions cannot be detected. It means the redox peaks in sample PS-pC is not caused by S because S content in sample PS-pC (0.4 at%) is far from 1.4 at%. There is no other element in the samples that can cause faradaic reactions except oxygen, S and P, so the pseudocapacitance can only be introduced by P in sample PS-pC.
The exact mechanism for P inducing pseudocapacitance in sample PS-pC is still unknown at this time. However, following the reactions discussed earlier for nitrogenated carbon in organic medium [43] , new reactions can be proposed for PS-pC in organic electrolytes. It is believed that pseudocapacitance arises from Faradaic reactions induced by lone electron pairs from the P groups interacting with the cations in the electrolyte. The following reactions could take place on the PS-pC sample: Fig. 5b shows the Galvanic cycling curves (GCs) measured at a current of 0.5 mA. Notably, the discharge time of the PS-pC sample is higher than that of the pC sample. Furthermore, it is found that sample PS-pC presented a smaller potential drop (IR drop) compared to sample pC, indicating that the PS-pC electrode has a better conductivity and smaller resistance. This result matches well with the former assumption that S-induced graphitization process facilitates the improvement of conductivity.
The specific capacitance of the single electrode was calculated from the discharge slopes of these curves using eqn (1) . The results are shown in Table 3 . Sample PS-pC had the most gradual discharge slope (Fig. 5b) , resulting in the higher specific capacitance. The specific capacitance of the single electrode is 21.1 F g
À1
, which is 43.5% higher than that of the unmodified carbon sample (14.7 F g À1 ). It should be noted that the content of sulfur is only 0.4 at% in sample PS-pC, which is below the minimum content (1.4 at%) of redox peaks occurrence. Even though sulfur rarely contributes to pseudocapacitance, it did facilitate the graphitization of porous carbon by reaction and removal of incomplete carbon atom to form gaseous carbon disulfide. The sulfur-induced graphitization reduced the resistance of porous carbon and led to enhanced conductivity, which was supported by impedence analysis with decreased radius of semicircle. The decreased resistance helps to reduce the electron loss during the transportation. On the other hand, phosphorus as defects was introduced to carbon, leading to jeopardized degree of graphitization of porous carbon. However, phosphorus caused reversible Faradaic reactions in organic electrolyte, supplying the additional capacitance. It is important that these samples have in no way been optimized to achieve high capacitance values. The present goal is to investigate if P/S doping can improve capacitance. According to nitrogen sorption, the total surface areas of both samples are relatively small, as some studies on activated carbon have achieved surface areas exceeding 2000 m 2 g À1 [44] . As such, Table 3 also shows the capacitance of sample PS-pC normalized to surface area to minimize effects of specific surface area. The value of sample PSpC is C surface-area ¼ 0.08 F m
À2
. Compared to the S-doped porous carbon (sulfur was introduced from a S-containing precursor named as 2-thiophenecarboxaldehyde) in organic electrolyte in former study, the P/S co-doped carbon prepared in this work improves in specific capacitance based on total surface area. At a current of 0.5 mA, sample PS-pC showed a value of 0.08 F m À2 in specific capacitance based on total surface area, which is twice of that of sulfur-doped porous carbon (C surface-area ¼ 0.04 F m À2 ) with sulfur content of 1.4 at% [14] . It should be noted that the specific capacitance of sulfur-doped carbon is 738.5 m 2 g
À1
, which is 2.8 times of that of sample PS-pC. As a result, the reason for improved C surface-area is ascribed to the introduction of phosphorus instead of optimized pore structure. Based on the comparisons mentioned above, the advantage of P/S co-doping in improving the value of C surface-area has been clearly observed, showing the enhanced charge storage capability on the unit surface area of P/S co-doping.
The electrochemical stability of sample PS-pC and pC is shown in Fig. 6a . After 2000 cycles of charge and discharge, both materials did not show evident loss of capacitance (less than 6%), and sample PS-pC with 98.6% capacitance retention showed even better durability than sample pC. The good electrochemical stability of PS-pC can be ascribed to two parts: first, relative larger mesopore size and volume than that of pC, enhance the organic electrolyte's mobility inside mesopores which prevents "trapped mesopores" from electrolyte filling in small size pores which are hard to be moved out; second, incorporated sulfur in PS-pC enhanced the conductivity of the carbon matrix, which guarantees the amount retention of electrons during transportation.
Electrochemical impedance spectroscopy (EIS) provides insight into how P/S co-doping affecting the performance of the sample. The Nyquist plots of samples PS-pC and pC are shown in Fig. 6b . The impedance plots of both samples showed almost similar profiles with one semicircle at the high frequency region followed by a linear part in the low frequency region. It is known that a slope of the linear part at low frequency close to 90 along the imaginary axis Z 00 is a characteristic of ideally polarizable electrode, while the high frequency large semicircle is indicative of the high interfacial charge-transfer resistance due to the poor electrical conductivity of electrode materials [45] . As seen in Fig. 6b , the sample PS-pC had a smaller semicircle compared to pC, implying a good capacitive performance and lower interfacial charge-transfer resistance in the PS-pC sample. This result has a good agreement with GC curves in which IR dropped after P/S co-doping.
In addition, sample PS-pC not only shows a better charge storage capability than pristine sample pC, but also surpasses that of single P-doped (PpC) and S-doped (SpC). Compared with the specific surface area of PS-pC (268.0 m 2 /g), sample SpC exhibits a larger value of S BET (289.5 m 2 /g, Table S2 ). However, the specific capacitance of SpC ( Fig. S2 and Table S3 ) is lower than that of sample PSpC. It should be noted that the sulfur content of sample SpC (0.5 at%, Table S4 ) is comparable to that of PS-pC (0.4 at%) and sulfur chemical status (Fig. S3) are also similar to that of PS-pC. Thus, the deteriorated specific capacitance of sample SpC is due to the absence of phosphorus. The similar result is also observed in sample PpC (except specific surface area is comparable to that of PS-pC) that specific capacitance of single P-doped sample (PpC) lower than that of PS-pC. These results illustrate that P/S co-doping performs superior charge storage capability than that of single doping. Furthermore, nitrogen-doping are considered as an efficient method to improve the supercapacitive performance of porous carbon by introduction of pseudocapacitance [16] . In order to investigate the effect of nitrogen absence, N/P/S triple-doped porous carbon (NPS-pC) was synthesized to compare with sample PS-pC. With comparable S, P content (Table S4 ) and specific surface area (247.7 m 2 /g), the specific capacitance of NPS-pC (21.5 F/g, Fig. S2 and Table S3 ) shows a mild increase (1.8%) when compared to that of PS-pC (21.1 F/g). This increase in specific capacitance of NPS-pC is ascribed to the contributions of nitrogen. However, the introduction of nitrogen should have affected more significantly [46] instead of only 1.8% improvement. This indicates that there is another strategy to synergistically influence the performance. It should be noted that the introduction of nitrogen increases the value of I(D)/I(G) from 0.8 (PS-pC) to 1.02 (NPS-pC) as shown in Fig. S4 , which illustrates a decreased degree of graphitization. It is believed that high degree of graphitization is beneficial to improve the specific capacitance [47] . Interestingly, P and S as dopants into pristine porous carbon improved the degree of graphitization while further introduction of N has the opposite effect. As mentioned in Part 3.2, existence of S has proven to react with imperfect carbon in carbon matrix to form CS 2 gas and the elimination of CS 2 gas facilitates the removal of imperfect carbon, leading to higher degree of graphitization [14] . The elimination of CS 2 can overwhelm the negative effect of P heteroatom on degree of graphitization. However, only 1 at% loss of sulfur when compare NPS-pC (0.3 at%) with PS-pC (0.4 at%), indicating nearly no release of sulfur-containing gas to offset the effect of N on degree of graphitization. As a result, the increase of specific capacitance derived from redox reactions of Ndoping is partially counteracted by decreased degree of graphitization, causing not apparent improvement in specific capacitance. When sample PS-pC were activated in air at 350 C for 0.5 h, both surface area and pore volume increased appreciably (Table 4) . Consequently, the specific capacitance of sample APS-pC reached 103.5 F g À1 (Fig. 6c) , showing that such a P, S co-doped porous carbon has much potential to improve performance and is suitable for use as supercapacitors.
Electrocatalytic activity for ORR
The CV and RDE curves were performed to measure the catalytic activities of PS-pC and pC samples for cathodic ORR. First, the ORR activity of both samples was examined by CV in N 2 -saturated and O 2 -saturated 0.1 M KOH solutions. In Fig. 7a , the obvious reduction peaks occurred in the O 2 -saturated 0.1 M KOH solution using PS-pC and pC as catalysts, while the featureless peaks were observed within the same potential range in the N 2 -saturated 0.1 M KOH solution. The ORR peak potential is À0.36 V for sample PS-pC, which is 0.03 V more positive than that of sample pC. For the PSpC and pC, the onset potentials are À0.12 V and À0.17 V, respectively (Fig. 7b) . In addition, the current density of sample PS-pC demonstrated a higher value than that of pC. It should be noted that the increased mesopore size and mesopore surface area are believed to facilitate the O 2 diffusion [48] . Remarkably, the PS-pC electrode exhibited more positive onset potential and larger current density than pC electrode. Clearly, the positive shift of onset potential and enhancement of reduction current on PS-pC electrode indicate that sample PS-pC possesses much higher electrocatalytic activity toward ORR than pC. RDE measurements of sample PS-pC (Fig. 7c) and pC (Fig. 7d) were performed with varying rotation speeds from 400 to 2025 rpm. The oxygen reduction current density gradually increased with speeding-up rotation rate. The Koutecky-Levich plots at different electrode potentials derived from Fig. 7c displayed good linearity (Fig. 7c inset) . The PS-pC electrode has the larger transferred electron numbers of 2.8e3.1 within the potential range of À0.67 to À0.37 V than pure pC, signifying that an oxygen reduction reaction is more close to four-electron ORR pathway after P/S co-doping. It is believed that the four-electron pathway is the most efficient because oxygen could be directly reduced to OH À without the intermediate product
. As a result, P/S co-doping facilitates the improvement on the peak potential, electron transfer number, onset potential and current density, leading to an enhanced catalytic activity compared to un-modified sample pC.
As for the role of sulfur in catalytic application, it has been proved that sulfur facilitated the degree of graphitization. Increased degree of graphitization will surely improve the electrical conductivity of porous carbon, which is beneficial to enhance the ORR activity [50] . In addition, sulfur affects the catalytic activity by the mismatch of the outermost orbital of sulfur and carbon [22] ; then, sulfur is positively charged and can be viewed as the catalytic center for ORR [21] . As for phosphorus, a larger atomic radius and higher electron-donating ability, tends to induce more active sites for ORR and to improve electrocatalytic activity [29e31]. It is believed that S and N dual-doping uplifted the maximum spin density compared to single-element doping, indicating elevated ORR activity. Phosphorus, one of the N-group elements, shows similar chemical properties to N. As a result, the synergistic effects of S, N co-doping in elevating maximum spin density to increase ORR activity may also be suitable for S, P co-doping. It also can be observed that sample PS-pC exhibits more positive onset potential (À0.12 V) and larger current density than those of single doped samples PpC and SpC (Fig. S5) . Furthermore, degree of graphitization of sample NPS-pC decreased after nitrogen introduction into sample PS-pC (Fig. S4) . Even though nitrogen-doping is reported to increase ORR activity due to inducing positively charged carbon atoms [51] , the onset potential and current density of NPS-pC (Fig. S5 ) is comparable to those of PS-pC. It is due to the deteriorated degree of graphitization of NPS-pC caused by the insufficient release of CS 2 to remove imperfect carbon atoms. The decreased degree of graphitization would decrease the catalytic activity [50] and offsets the positive effects of N-doping on ORR reaction as shown in Fig. S5 .
In addition, electrocatalytic selectivity of sample PS-pC and 20% Pt/C against the electrooxidation of methanol were measured to examine possible crossover effects in an O 2 -saturated 0.1 M KOH solution by adding 6 mL of methanol at 300 s. The ORR current of commercial Pt/C catalyst exhibited a sudden change after the methanol injection due to the electrochemical oxidization of methanol (Fig. 8a) . In comparison, sample PS-pC remained almost unchanged under the same condition. As a result, sample PS-pC exhibited high selectivity toward ORR with excellent performance in avoiding crossover effects, which had an advantage over the Pt/C catalyst.
It is believed that optimization of the pore structure of catalyst is an efficient way to further improve catalytic properties. As a result, ) at different potentials.
air activation was introduced to improve the pore structure of sample PS-pC. The activated PS-pC sample was denoted as APS-pC. As shown in Table 4 , the surface area, pore volume and pore size of APS-pC were increased significantly compared to those of sample PS-pC, which may facilitate the oxygen diffusion and increased oxygen reduction current density. It can be also supported by RDE measurements of APS-pC and PS-pC (Fig. 8b) . After air activation, sample APS-pC exhibited a 5.1 mA cm À2 in oxygen reduction current density at a rotation rate of 1600 rad, while PS-pC only performed a value of 3.5 mA cm À2 . The current density of sample APSpC exhibited a more close value to that of commercial 20% Pt/C when compared to that of sample PS-pC. The Koutecky-Levich plot of sample APS-pC indicated a nearly 4-electron pathway (Fig. 8c) , showing a significant improvement on efficiency of reduction efficiency. With comparison of PS-pC, the half-wave potential of APSpC was negatively shifted. This further supports that the binary doping improves catalytic activity while enlarged pore size benefits the oxygen diffusion.
Conclusion
P and S were introduced by phosphorus pentasulfide into porous carbon by sol-gel processing. The P/S co-doping resulted in porous carbon with high mesopore surface area and enlarged pore size both in micropore and mesopore regions. Sulfur dominated the improvement of the degree of graphitization of porous carbon by the removal of amorphous carbon through the formation of Scarbon containing gases (CS 2 ). The specific capacitance of the single electrode of P/S co-doped porous carbon increased 43.5% than that of pristine porous carbon. P contributed complementary pseudocapacitance in organic electrolyte while S content was lower than the limit sensitivity of detectable pseudocapcitance. In addition, enlarged mesopore size and mesopore surface area are beneficial for O 2 diffusion, caused increased oxygen reduction current density. Co-doping strategy of P and S positively shifted the onset potential and presented a superb resistance to the crossover effects for oxygen reduction reaction in alkaline media. With further air activation, the specific capacitance of single electrode of sample PS-pC increased from 21.1 F g À1 to 103.5 F g
À1
, indicating an excellent energy storage capability. In addition, the activated sample APS-pC exhibited a negative shifted half-wave potential compared to sample PS-pC, which is due to the removal of P and S during activation. The oxygen reduction current density of sample APS-pC performed a more close value to that of commercial 20% Pt/C.
